The mammalian retina comprises six major neuronal cell types and one glial type that are further classified into multiple subtypes based on their anatomical and functional differences. Nevertheless, how these subtypes arise remains largely unknown at the molecular level. Here, we demonstrate that the expression of Bhlhb5, a bHLH transcription factor of the Olig family, is tightly associated with the generation of selective GABAergic amacrine and Type 2 OFF-cone bipolar subtypes throughout retinogenesis. Targeted deletion of Bhlhb5 results in a significant reduction in the generation of these selective bipolar and amacrine subtypes. Furthermore, although a Bhlhb5-null mutation has no effect on the expression of bHLH-class retinogenic genes, Bhlhb5 expression overlaps with that of the pan-amacrine factor NeuroD and the expression of Bhlhb5 and NeuroD is negatively regulated by ganglion cell-competence factor Math5. Our results reveal that a bHLH transcription factor cascade is involved in regulating retinal cell differentiation and imply that Bhlhb5 functions downstream of retinogenic factors to specify bipolar and amacrine subtypes.
INTRODUCTION
In the vertebrate retina, the six major neuronal cell types and one type of Müller glia are arranged in a well-defined laminar structure. Whereas photoreceptors (rod and cones) are located in the outer nuclear layer (ONL), the three types of interneurons (bipolar, horizontal and amacrine cells) and the Müller glial cells comprise the inner nuclear layer (INL). The ganglion cell layer (GCL) is made of retinal ganglion cells (RGCs) and displaced amacrine cells. Based on their anatomical and functional disparities, retinal neurons are further divided into a number of subtypes (Masland, 2001a; Masland, 2001b) . For example, there is one rod bipolar (RB) subtype and nine cone bipolar (CB) subtypes in mouse retina based on their synaptic inputs from rod or cone photoreceptors and their sub-laminar localization (Ghosh et al., 2004) . Bipolar cells can be further classified as ON and OFF subtypes according to their responses to visual stimuli. RB cells are all of the ON subtype and relay visual information to RGCs indirectly through the AII subtype of amacrine cells. CB cells synapse directly with RGCs and convey both rod-and cone-generated visual information to RGCs. Certain OFF-CB cells also contact rod photoreceptors directly (DeVries and Baylor, 1995; Hack et al., 1999) . Amacrine cells are mainly localized to the INL and the GCL, and make synapses with bipolar cells and RGCs. They constitute the most diverse cell type within the retina where they function to modulate synaptic activity between bipolar and ganglion cells (Masland, 2001a; Masland, 2001b) . Similarly, amacrine cells are classified into subtypes based on criteria such as sub-laminar localization [the inner plexiform layer (IPL), the GCL, and the innermost layer of the INL known as the amacrine cell layer (ACL)], morphology (e.g. starburst, parasol and midget) and neurotransmitter type (e.g. GABAergic, dopaminergic and cholinergic).
Transcription factors play important roles in retinal cell fate determination and genetic manipulation of these factors often leads to a loss or an alteration of one or more cell fates in the retina (Cepko, 1999; Marquardt, 2003; Marquardt and Gruss, 2002) . Bipolar cell fate specification is dependent on the combined action of the homeodomain protein Chx10 and the bHLH factors Mash1 and Math3 (Ascl1 and Neurod4, respectively -both Mouse Genome Informatics) (Burmeister et al., 1996; Hatakeyama et al., 2001 ). Chx10-null or Mash1-Math3 double-null mice exhibit a complete loss of bipolar cells (Burmeister et al., 1996; Hatakeyama et al., 2001) . Studies of Mash1-Math3 double-null retinas also show that Mash1 and Math3 function redundantly to regulate bipolar cell genesis and that loss of the two genes leads to an absence of bipolar cells (Hatakeyama et al., 2001 ). Gain-of-function studies demonstrate that misexpression of Chx10, Mash1 or Math3 alone does not promote bipolar cell genesis. By contrast, ectopic expression of Mash1 or Math3 together with Chx10 increases the population of mature bipolar cells. Thus, it is hypothesized that whereas Chx10 provides the INL-specific identity, Mash1 and Math3 determine bipolar cell fate (Hatakeyama et al., 2001 ). Recently, targeted deletion studies have revealed that Vsx1, a pairedlike homeodomain factor, and Bhlhb4, an Olig family bHLH factor, are required for the development of the CB and RB subtypes, respectively. Mice lacking Vsx1 are able to generate CB cells. However, the terminal differentiation of CB cells in Vsx1-null retina is incomplete, indicating that Vsx1 is required solely for the late differentiation of OFF-CB cells (Chow et al., 2004; Ohtoshi et al., 2004) . Similarly, Bhlhb4 plays no role in the initial generation of bipolar cells, and loss of Bhlhb4 prevents nascent RB cells from maturating and eventually results in their apoptosis (Bramblett et al., 2004) . Nishina et al., 1999) . Mutation of NeuroD, Pax6 or Math3 alone does not impair the differentiation of amacrine cells. Conditional deletion of Pax6 in retina results in the formation of only amacrine cells (Marquardt et al., 2001) . Although the development of amacrine cells is unaffected in mice lacking either NeuroD or Math3, mice deficient for both Math3 and NeuroD are devoid of amacrine cells (Inoue et al., 2002) . Cell lineage analysis studies have demonstrated that retinal progenitors of the Math3 and NeuroD double-null mice fail to differentiate into amacrine cells. Instead of undergoing programmed cell death, these progenitors transdifferentiate into ganglion and Müller glial cells (Inoue et al., 2002) . Misexpression of Math3 or NeuroD alone in developing retina does not promote the differentiation of amacrine cells, but results in the formation of rod cells (Inoue et al., 2002) . Recently, it has been shown that the winged helix/forkhead transcription factor Foxn4 plays an essential role in the formation of amacrine and horizontal cells (Li et al., 2004) . Loss of Foxn4 function leads to the complete absence of horizontal cells and to a reduction in amacrine cells. Interestingly, the expression of NeuroD and Math3 are reduced in Foxn4-null retina, suggesting that Foxn4 acts upstream of NeuroD and Math3 in the amacrine differentiation pathway. The above genetic studies reveal the roles of these transcription factors as panamacrine-determining factors. However, the transcription factors responsible for retinal subtype specification remain elusive.
Bhlhb5 is a member of the Olig subfamily of bHLH transcription factors. It has previously been shown to be expressed in a restricted manner in the developing central nervous system (CNS), sensory organs, kidney and hair follicles (Bramblett et al., 2002; Brunelli et al., 2003; Kim et al., 2002; McLellan et al., 2002; Peyton et al., 1996) . Due to its inability to bind DNA alone or in combination with other bHLH proteins, Bhlhb5 is thought to function as a negative regulator of other bHLH proteins (Peyton et al., 1996) . In vitro evidence has shown that Bhlhb5 represses Pax6 promoter activity through a non-DNA-binding mechanism (Xu et al., 2002) . However, the role of Bhlhb5 in embryonic development remains unknown. In this report, we demonstrate that Bhlhb5 is predominantly expressed in post-mitotic cells in the developing mouse retina. Co-localization of Bhlhb5 and retinal cell type-specific markers reveals that Bhlhb5 expression is restricted to selective GABAergic amacrine and Type 2 OFF-CB cells. Targeted deletion of Bhlhb5 leads to a loss of Type 2 OFF-CB and selective GABAergic amacrine cells, implying that Bhlhb5 is indispensable for the formation of these cells. Expression studies of early embryonic retinas have demonstrated that Bhlhb5 is mostly expressed in cells of the NeuroD + and Math5 + lineage, and that the increased formation of displaced amacrine cells in Math5-null retina is associated with a substantial increase in cells expressing Bhlhb5 and NeuroD. Furthermore, whereas loss of Bhlhb5 has no effect on the expression of NeuroD, and Math5, Mash1 and Ngn1 (Atoh7, Ascl1 and Neurog2, respectively -all Mouse Genome Informatics), Math3 or Chx10, it does lead to the reduced generation of GABAergic amacrine and OFF-CB subtypes. These studies strongly argue for the crucial role of Bhlhb5 as a factor downstream of the bHLH-class of retinogenic factors in the specification of amacrine and bipolar subtypes.
MATERIALS AND METHODS

Animals
The Math5 lacZ and Math5 GFP knock-in mice were generated previously (Wang et al., 2001) . To generate the Bhlhb5 lacZ allele, genomic sequences were isolated from a mouse 129S6 (formally 129SvEvTac) BAC library (CHORI) using Bhlhb5 coding sequences as a probe. The Bhlhb5 lacZ targeting construct was generated by inserting 4.0 kb of 5Ј-flanking sequences that ends immediately upstream of the translational initiation codon ATG and 3.6 kb of 3Ј-flanking sequences into the HindIII and the XbaI sites of the pKI-lacZ vector, respectively (see Fig. S2 lacZ/+ mice were generated in a 129S6 and C57BL/6J mixed background as previously described (Gan et al., 1999; Gan et al., 1996) . PCR methods were used to genotype mice from subsequent breeding of Bhlhb5 lacZ/+ heterozygotes. The PCR primers used to identify the wildtype Bhlhb5 mice were Bhlhb5-2F 5Ј-GACAGCGACGGCCGCT-3Ј and Bhlhb5-2R 5Ј-GTGCACTGTTTGCAG-3Ј, and the lacZ knock-in allele 5Ј-AGGGCCGCAAGAAAACTATCC-3Ј and 5Ј-ACTTCGGCACCTTA-CGCTTCTTCT-3Ј. Embryos were designated as E0.5 at noon on the day at which vaginal plugs were observed. All animal procedures in this study were approved by the University Committee of Animal Resources (UCAR) at the University of Rochester.
Histochemistry, immunohistochemistry, in situ hybridization, BrdU labeling and X-Gal staining
Staged mouse embryos were dissected and fixed in 4% paraformaldehyde/PBS (PFA) at 4°C for 1-2 hours. The samples were then embedded and frozen in OCT medium (Tissue-Tek) and sectioned at 14 m. BrdU pulse-labeling and Hematoxylin and Eosin staining were performed as described (Pan et al., 2005) . ␤-Galactosidase activity was determined by X-Gal staining as previously described (Gan et al., 1999) . For in situ hybridization experiments, 20 m cryosections were used as previously described (Li and Joyner, 2001 ). The working dilutions and sources of antibodies used in this study were: goat anti-Bhlhb5 (1:1000, Santa Cruz), mouse anti-bromodeoxyuridine (BrdU) (1:50, Developmental Studies Hybridoma Bank), mouse anti-Brn3a (1:100, Santa Cruz), goat anti-Brn3b , mouse anti-␤-galactosidase (LacZ) (1:500, DSHB), rabbit anti-LacZ (1:500, Chemicon), mouse anti-Isl1/2 (1:400, DSHB), goat antiNeuroD (1:500, E-17, Santa Cruz), rabbit anti-NK3R (1:200) (Chow et al., 2001) , rabbit anti-parvalbulmin (1:200, Sigma), rabbit anti-phosphorylated histone H3 (1:400, Santa Cruz), and mouse anti-Pax6 (1:200, DSHB), rabbit anti-PKC␣ (1:5000, Sigma), rabbit anti-Prox1 (1:1000, Covance), rabbit anti-recoverin (1:200) (Chow et al., 2001) , mouse anti-syntaxin (1:5000, Sigma), rabbit anti-TH (tyrosine hydroxylase, 1:200, Chemicon), rabbit antiVsx1 (1:100) (Chow et al., 2001 ). Alexa-conjugated secondary antibodies (Molecular Probes) were used at a dilution of 1:1000. Images were captured with a Zeiss Axioplan microscope. Whole-Mount immunostaining was performed as described (Wang et al., 2001) , and was scored using a confocal microscope. To quantify the number of different cell type-specific markers on sections of retina, three or more age-matched retinas were analyzed for each cell type. All data are presented as the mean±s.d. Statistical analysis was performed using two-sample Student's t test for unequal variances.
RESULTS
Expression of Bhlhb5 during retinal development
The onset of Bhlhb5 expression was detected at E11.5 within the neuroblast layer (NBL) of the central retina (Fig. 1A) . As retinogenesis progressed from central to peripheral retina from E12 to E15.5, Bhlhb5 expression expanded to the entire retina with the majority of Bhlhb5 + cells being detected in the proliferating NBL ( Fig. 1B-D ,J-M). From E17.5 to P0, Bhlhb5 expression became restricted to the GCL and to the inner boundary of the NBL,
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Development 133 (24) presumably the newly formed ACL (Fig. 1E ,F,N,O). In situ hybridization and immunostaining experiments revealed identical expression profiles for Bhlhb5 mRNA and protein, indicating that Bhlhb5 expression is mostly regulated at the transcriptional level. At P7, Bhlhb5 expression became localized to three distinctive rows: two in the INL and one in the GCL, and this expression pattern was maintained in the adult retina ( Fig. 1G -I, arrowheads). In the INL, Bhlhb5 + cells were divided into two groups based on their expression levels and sub-laminar locations: a higher expression level in cells at the inner boundary (presumptive amacrine cells) and a lower level in cells at the outer boundary (presumptive bipolar and/or horizontal cells).
To test whether Bhlhb5 is expressed in progenitors or in nascent neurons, co-localization of Bhlhb5 with bromodeoxyuridine (BrdU), an S-phase marker, and with phosphorylated histone 3 (Ser-10), an M-phase marker, was performed in E12.5 and E13.5 retinas. Bhlhb5 expression was absent in the vast majority of proliferating cells in Sand M-phase ( Fig. 1P-U) . The expression of Bhlhb5 in post-mitotic cells in the NBL, and its expression in selective groups of cells of the INL and the GCL at later stages, suggest that Bhlhb5 could play a role in the differentiation of specific retinal subtypes.
Restricted expression of Bhlhb5 in GABAergic amacrine and OFF-CB subtypes
We further determined the identities of Bhlhb5 + cells by coimmunolabeling adult mouse retinas with anti-Bhlhb5 and cell typespecific markers. Strongly anti-Bhlhb5-labeled cells were mostly detected in the ACL and the GCL, and somewhat weakly labeled cells within the outer boundary of the INL ( Fig. 2A) . Co-labeling of Bhlhb5 with the pan-amacrine cell marker Pax6 demonstrated that all Bhlhb5 + cells in the ACL and in the GCL were Pax6 + ( Fig + cells expressed the GABAergic marker GAD65 (Gad2 -Mouse Genome Informatics), indicating that the Bhlhb5 + amacrine cells were mostly of the GABAergic subtype ( Fig. 2D-F) . In addition, the Prox1 + displaced amacrine cells in the GCL were Bhlhb5 + ( Fig. 2G-I, arrows) . The co-localization of Prox1 + and Bhlhb5 + cells in the outer boundary of the INL implied their identities as bipolar or horizontal cells (Fig. 2G-I, arrowheads) .
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Bhlhb5 in retinal subtype specification Nevertheless, Bhlhb5 was not co-expressed with the horizontal cell marker calbindin-28K (see Fig. S1H -HЉ in the supplementary material). Co-immunolabeling with anti-Bhlhb5 and an antibody to Chx10, a pan-bipolar cell marker, demonstrated that Bhlhb5 was expressed in bipolar cells (Fig. 2J-L, arrowheads) . Careful examination of the double-labeled bipolar cells revealed that Bhlhb5 was expressed in those bipolar cells with a lower level of Chx10 but not those with a higher level of Chx10 (Fig. 2J-L inserts, asterisks) . Additional labeling experiments showed that Bhlhb5 + cells did not express the RB cell-specific marker, PKC␣ (see Fig. S1G -GЉ in the supplementary material). Rather, all of these Bhlhb5 + bipolar cells were labeled with the CB-specific marker Vsx1 and represented approximately one third (37%) of the Vsx1 + CB cell population ( Fig.  2M -O, arrowheads). As Vsx1 is expressed in 60-70% of all CB cells (Chow et al., 2004) Retinal defects in Bhlhb5-null mice To investigate the role of Bhlhb5 in retinogenesis in vivo, we generated a targeted deletion allele of Bhlhb5 by removing the entire Bhlhb5 ORF (see Fig. S2 in the supplementary material) . The resulting heterozygous Bhlhb5 lacZ/+ mice were normal and showed no discernible defects. The homozygous Bhlhb5 lacZ/lacZ mutants were born indistinguishable from the wild-type or heterozygous littermates at birth. Examination of the offsprings from heterozygous intercrosses revealed that the null mutants were fertile and were born in a normal Mendelian ratio with 46 wild type (19.1%), 130 Bhlhb5 lacZ/+ (53.9%) and 65 Bhlhb5 lacZ/lacZ (27.0%). However, Bhlhb5-null mice displayed signs of slower weight gain than the wild-type or heterozygous littermates at approximately 3 weeks of age, and developed skin lesions between 1-2 months of age (data not shown).
To determine the role of Bhlhb5 in retinogenesis, we first examined the retinas by Hematoxylin and Eosin staining. Whereas no noticeable change in the thickness and laminar organization was found in Bhlhb5-null retinas during embryogenesis (Fig. 3A-F,K) , there was a significant reduction in the thickness of the INL postnatally ( Fig. 3G-K) . Given the restriction of Bhlhb5 expression to selective amacrine and CB subtypes, the decrease in the INL of Bhlhb5-null mice indicated a loss of these interneuron subtypes. Therefore, we analyzed the changes in specific retinal subtypes using subtype-specific markers at P21, a time when all retinal cells are generated and mature in mice. Anti-Pax6 labeling revealed that the total number of amacrine cells was reduced in the INL and the GCL (Fig. 4A,G) . Immunolabeling studies demonstrated a loss of 44.2±6% GABAergic amacrine cells, a significant reduction of TH + amacrine cells, and the absence of Prox1 + displaced amacrine cells, respectively (Fig. 4B-D ,H-J and see Fig. S3 in the supplementary material). Although the anti-ChAT immunolabeling was somewhat weak in Bhlhb5-null retina (Fig.  4E,K) , the number of ChAT + cells was unchanged ( subtypes were observed (Fig. 4D,F ,J,L, and see Fig. S3 in the supplementary material). Among the bipolar subtypes, the Vsx1 + CB subtype was reduced by 36.3±7% (Fig. 4N,T 
Impaired genesis of GABAergic amacrine and CB cells in the absence of Bhlhb5
The close association of Bhlhb5 expression with the genesis of amacrine and bipolar cells suggested a role for Bhlhb5 in regulating retinal cell differentiation. We then tested whether the formation of amacrine and bipolar subtypes was impaired in the absence of Bhlhb5. In mice, most bipolar cells are generated postnatally; Vsx1 expression is first detected in presumptive CB cells from P5 to P6 (Chow et al., 2001) , thus serving as a suitable early marker for CB cells. Whereas no overt change in Chx10 expression was observed in bipolar cells and progenitors in Bhlhb5-null retinas (Fig. 5D,H) , loss of Bhlhb5 resulted in a reduction of approximately 35% in Vsx1 + CB cells (Fig. 5A,E) , a value comparable to the reduction in P21 retinas (Fig. 4N,T) . A comparable loss of cells labeled with antibody to recoverin, a Type 2 OFF-bipolar cell marker, and antibody to NK3R (Tacr3 -Mouse Genome Informatics), a Type 1 and 2 OFF-bipolar cell marker (Chow et al., 2001) , was also seen in Bhlhb5-null retinas (Fig. 5B,C,F,G) . Similarly, immunolabeling of retinal sections at P0 and P6 revealed the agenesis of Prox1 + displaced amacrine cells in the GCL of Bhlhb5-null mice, whereas the generation of Prox1 + horizontal, bipolar and amacrine cells in the INL was not affected (Fig. 5I,J,M,N) . Additionally, the number of amacrine cells immunoreactive for Pax6 and GAD65 were greatly reduced in P6 and P7 retinas (Fig. 5K ,L,O,P), implying a reduced generation of selective GABAergic subtypes. We also tested the possibility that GABAergic amacrine and OFF-CB subtypes were initially generated but later died of apoptosis in Bhlhb5-null retinas. Anti-activated-caspase-3 immunolabeling revealed no increase in apoptotic cells in Bhlhb5-null retinas from E15.5 to P10 (see Fig.  S4A -D in the supplementary material and data not shown). Taken together, targeted deletion of Bhlhb5 specifically diminished the generation of selective OFF-CB and GABAergic amacrine subtypes.
Upregulation of Bhlhb5 and NeuroD in math5-null retinas
Previous studies have indicated that NeuroD and Math3 play redundant roles in the differentiation of amacrine cells (Inoue et al., 2002) . To determine the genetic relationship of Bhlhb5 and NeuroD in the amacrine differentiation pathway, we investigated whether Bhlhb5 co-expressed with NeuroD in developing retinas. Immunolabeling experiments demonstrated that although both NeuroD-and Bhlhb5-expressing cells were similarly distributed throughout the NBL of E13.5 retina, NeuroD was detected in a greater number of cells than Bhlhb5 (Fig. 6A-D) , and virtually all Bhlhb5 + cells expressed NeuroD (Fig. 6E,F) . We then tested whether the absence of Bhlhb5 could affect the expression of NeuroD and Math3. As shown by anti-NeuroD labeling and in situ hybridization for Math3, the expression of both NeuroD and Math3 was detected mostly in the NBL of developing retinas and was unaltered in Bhlhb5-null retinas (Fig. 6G,H,L,M) . Similarly, the expression of other retinogenic factors such as Math5, Ngn2 and Mash1 was unaffected by the targeted deletion of Bhlhb5 (Fig. 6I ,K,N-P). Therefore, it is unlikely that Bhlhb5 functions upstream of these retinogenic factors during retinal neurogenesis. Rather, it could act downstream of these factors to control the differentiation of retinal subtypes.
RESEARCH ARTICLE
Development 133 (24) Previously published studies have shown that the loss of RGCdetermining factor Math5 in mice, or of lakritz in zebrafish, results in an increase in displaced amacrine cells, suggesting that the expression of Math5 or lakritz suppresses the amacrine cell fate during normal retinogenesis and that null mutations in these genes cause a cell fate conversion from RGC to displaced amacrine cell fates (Kay et al., 2001; Wang et al., 2001; Yang et al., 2003) . Bhlhb5 expression in displaced amacrine cell lineages provided us with a tool to examine the molecular basis of this cell fate change. Wholemount immunolabeling of normal and Math5-null retinas at P21 showed that although the Bhlhb5 + CB cells in the INL were dramatically reduced in Math5-null retinas, the number of Bhlhb5 + displaced amacrine cells was increased sevenfold (Fig. 7A-H) . This increased number of Bhlhb5 + cells in Math5-null retina was detected throughout embryogenesis (see Fig. S5 in the supplementary material). We further examined whether Math5 could suppress the generation of amacrine cells by negatively regulating the expression of Bhlhb5 and NeuroD within the Math5 + cell lineage. The expression of Math5 mRNA is transiently detected in progenitors of the NBL and is not suitable to trace Math5 + lineage (Brown et al., 1998; Yang et al., 2003) . We have previously shown that the nuclear Math5-LacZ knock-in reporter protein is relatively stable, serving as a suitable marker to trace Math5 + cells in the NBL and in nascent RGCs (Wang et al., 2001 ). Co-localization of Bhlhb5 and LacZ revealed that loss of Math5 resulted in a significant increase in the number of cells expressing Bhlhb5 in E13 retina and that the majority of these Bhlhb5 + cells expressed LacZ ( Fig. 7I-P) . A similar increase in retinal cells expressing LacZ and NeuroD was observed in E13.5 Math5-null retina (Fig. 7Q-X) . Therefore, the increased generation of displaced amacrine cells in Math5-null retinas corresponded with the premature expression of NeuroD and Bhlhb5 in the Math5 + cell lineage.
DISCUSSION
The expression of specific retinogenic bHLH factors plays crucial roles in the cell fate selection of retinal progenitors. In this report, we have identified that a crucial aspect of retinogenesis, namely the formation of specific amacrine and bipolar subtypes, depends on the activity of Bhlhb5. Targeted disruption of Bhlhb5 causes the selective loss of GABAergic amacrine and Type 2 OFF-cone bipolar cells. Although loss of Bhlhb5 has no impact on the expression of retinogenic bHLH factors, Bhlhb5 expression co-localizes with that of NeuroD. Moreover, Math5 negatively regulates the expression of Bhlhb5 and NeuroD. Therefore, our findings establish a key step in the molecular mechanism of retinogenesis and define a bHLH cascade that connects the regulation of pan-neuronal type determination by retinogenic factors with the subsequent formation of retinal neuronal subtypes.
Bhlhb5 expression as an early, specific marker for GABAergic amacrine and OFF-CB subtypes
Retinal neurons are born in the NBL and migrate to their defined laminar layers within the retina soon after their birth. The early onset and the spatiotemporal profile of Bhlhb5 expression during embryogenesis and early postnatal development coincide with the genesis of amacrine and bipolar cells, respectively (Fig. 1) . Our 4821 RESEARCH ARTICLE Bhlhb5 in retinal subtype specification expression studies demonstrate that the expression of Bhlhb5 is unambiguously restricted to selective GABAergic amacrine and Type 2 OFF-CB subtypes (Fig. 2) . To the best of our knowledge, Bhlhb5 is the earliest transcription factor to be specifically expressed in these amacrine and bipolar subtypes during early retinogenesis. Thus, Bhlhb5 expression serves as the earliest subtype-specific cellular marker for these cells. Additionally, because not all recoverin + Type 2 OFF-CB cells express Bhlhb5 or are affected in Bhlhb5-null retinas, Type 2 bipolar cells can be further divided into two subtypes based on Bhlhb5 expression.
Requirement for Bhlhb5 in the generation of Type 2 OFF-CB and selective GABAergic amacrine subtypes
Previous studies have shown that Math3 and Mash1, along with Chx10, play an essential role in regulating the generation of all bipolar cells, but not in defining bipolar subtypes (Burmeister et al., 1996; Hatakeyama et al., 2001) . Targeted mutagenesis studies have also revealed that though not playing a role in the initial bipolar genesis, Vsx1 and Bhlhb4 are required for the terminal differentiation and maturation of CB and RB subtypes, respectively (Bramblett et al., 2002; Cheng et al., 2005; Chow et al., 2004; Ohtoshi et al., 2004) . A recent study shows that the null mutation of the Iroquois homeobox gene Irx5 in mice causes a partial loss of Type 2 and Type 3 OFF CB cells. However, it is unclear whether these defects result from a failure in their specification or differentiation (Cheng et al., 2005) . In this study, we demonstrate that Bhlhb5 expression in the INL is closely associated with the period of bipolar generation in the first postnatal week and that its expression is tightly restricted in Type 2 OFF-CB cells. In Bhlhb5-null retinas, there is a significant reduction in 6). Instead, given the requirement for Mash1 and Math3 in pan-bipolar development, Bhlhb5 can conceivably play a role downstream of Mash1 and Math3 to regulate the formation of bipolar subtypes.
Similarly, whereas NeuroD and Math3 are essential for the generation of amacrine cells, our studies have shown that Bhlhb5 is expressed only in selective GABAergic and displaced amacrine subtypes, and that targeted deletion of Bhlhb5 leads to a specific reduction in these amacrine subtypes (Fig. 4 and see Fig. S3 in the supplementary material). During early retinogenesis, Bhlhb5 expression in the NBL is mostly confined to cells that express NeuroD and loss of Bhlhb5 does not alter the retinal expression of NeuroD and Math3 (Fig. 6) , suggesting that Bhlhb5 is unlikely to function upstream of NeuroD and Math3 in retinogenesis. Although further studies are needed to test whether Bhlhb5 is downstream of NeuroD and Math3 and, in particular, whether its expression in retina is reduced in mice deficient for NeuroD and Math3, it is plausible that Bhlhb5 is expressed in a subset of NeuroD + cells after they acquire a panamacrine identity to render these cells a GABAergic amacrine subtype identity.
During retinal development, all retinal cell types are generated from the same pool of multipotent progenitors. The bHLH-class retinogenic factors have been shown to play crucial roles in regulating the cell fate choices of progenitors and loss of these factors frequently results in cell fate phenotypes. Math3 and NeuroD double-null retinas lack amacrine cells but gain more RGCs and Müller cells (Inoue et al., 2002) . Loss of both Mash1 and Math3 leads to a cell fate switch from bipolar to Müller cells (Tomita et al., 2000) . In this study, the loss of Type 2 OFF-CB and selective GABAergic amacrine cells in Bhlhb5-null retinas was not accompanied by an overt increase in other retinal cell types (Fig.  4) . One explanation for the lack of a readily identifiable cell fate switch is that the amacrine and CB subtypes affected in Bhlhb5-null retinas only represent a small population of retinal cells and that any consequent cell fate change would be less obvious. Additionally, analysis of cell proliferation during retinogenesis revealed a slight decrease in the number of proliferating cells in postnatal Bhlhb5-null retinas (see Fig. S4E -J in the supplementary material). It is possible that the reduced cell proliferation could also contribute to the loss of late-born cells in the INL of Bhlhb5-null retinas. To detect a possible cell fate change, Cre recombinase could be used to replace the Bhlhb5 allele. Cell lineage analysis using Bhlhb5
Cre knock-in and lineage-reporter mice could be used to trace the fates of Bhlhb5-expressing cells. Comparison of the retinal cell fates of Bhlhb5 + lineage in the presence and absence of Bhlhb5 would accurately reveal whether Bhlhb5 is exclusively expressed in selective OFF-CB and GABAergic amacrine lineages, and whether Bhlhb5-expressing cells switch fates in the absence of Bhlhb5. Our results have also shown that the Bhlhb5-null mutation leads to a reduction in TH + dopaminergic amacrine cells (Fig. 4) . It is possible that such a reduction results, as a non-cellautonomous mechanism of Bhlhb5, from the loss of other amacrine and bipolar subtypes. Alternatively, the loss could be through a cell-autonomous mechanism as Bhlhb5 could be transiently expressed in the dopaminergic amacrine cell lineage and be essential for their development. Due to the lack of embryonic and early postnatal markers for dopaminergic amacrine cells, we are unable to distinguish these two possibilities in this study. Future cell lineage analysis with Bhlhb5
Cre knock-in mice could effectively show whether Bhlhb5 is expressed in dopaminergic amacrine lineage.
Genetic cascade of bHLH transcription factors in the determination of retinal cell types
We have previously shown that during normal retinal development, Math5 + cell lineage contributes to retinal cell types including ganglion, cone, horizontal and amacrine cells and that targeted deletion of Math5 leads to a cell fate conversion from RGC to amacrine cells (Wang et al., 2001; Yang et al., 2003) . We have hypothesized that in addition to promoting RGC differentiation, Math5 negatively regulates amacrine differentiation pathways by suppressing the expression of key transcription factors, particularly the bHLH-class factors. The upregulation of amacrine factors Bhlhb5 and NeuroD in the absence of Math5 (Fig. 7) provides experimental evidence to support our hypothesis. Moreover, we have demonstrated that removal of Math5 leads to alleviation of inhibition of NeuroD and Bhlhb5 expression in the cells of Math5 + lineage (Fig. 7) . Therefore, the suppression of the amacrine differentiation pathway by Math5 could be mediated through its negative regulation of NeuroD and Bhlhb5 expression. Mu et al. have also recently reported that NeuroD expression is upregulated in Math5-null retina (Mu et al., 2005 or Bhlhb5 + cells are probably derived from a separate, Math5-independent progenitor pool. Taken together, our expression and targeted deletion analyses suggest the following model of retinogenesis (Fig. 8) . As a selective pool of retinal progenitors exit the cell cycle, the transient expression of Math5 in these postmitotic precursors endows them with a short period of RGC competence. During this competence period, Math5 activates a network of transcription factors including Brn3b and Isl1 to initiate the RGC differentiation program (Yang et al., 2003) . Additionally, Math5 suppresses the non-RGC differentiation pathways by negatively regulating the non-RGC-specifying factors such as NeuroD and Bhlhb5. As Math5 expression diminishes in the precursors uncommitted to RGC fate, these precursors lose RGC competence, start to express non-RGC-specifying factors and become competent to adopt amacrine, horizontal and cone cell fates. Whereas Math5 + lineage is mostly limited to selective amacrine, horizontal and cone cells, and no bipolar, rod or Müller cells are derived from Math5 + lineage (Yang et al., 2003) (data not shown), there must exist a separate pool of Math5 -precursors that never express Math5 but express other retinal cell fate-specifying factors. The highly restricted expression of Bhlhb5 in amacrine and CB subtypes suggests that Bhlhb5 could play a role, downstream of retinogenic bHLH factors, in allowing amacrine-and bipolarcompetent precursors to adopt subtype identities by activating the expression of subtype-specific genes such as those encoding GAD65 in GABAergic amacrine cells, and Vsx1, NK3R and recoverin in Type 2 OFF-CB cells. How Bhlhb5 functions at the transcriptional level remains unknown. It is conceivable that Bhlhb5 could dimerize with retinogenic or other bHLH factors to fine-tune their roles in cell differentiation and to allow for subtype distinction.
It remains unknown what factors make selective Math5 + cells adopt RGC or non-RGC fates and whether retinal cells generated from Math5 + lineages belong to specific retinal subtypes.
